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A. PUMPOSE.

1. To establish the maximum tolerable limits of temperature and
humidity in cabins of high speed fighter aircraft of unconventional type.

2. To present the results of a preliminary investigation of heat
tolerance at high environmental temperatures and humidities,

B. FACTUJAL DATA.

1. The development of very high speed fighter aircraft poses the
problem of excessive cockpit temperatures, particularly in fast sweeps at
low altitude. The heat arises from three sources, namely, solar radiati •
transmitted through the plexiglas bubble banopy; friction of the air paszi•m
over the surface of the fuselagel and the heat of ram pressure. For ex
the last named phenomenon -my cause a temperature rise above OAT of 291 >1
a speed of 400 m.p.h.; this value increases to 45°F at 500 m.p.h. and o.
64°F at 600 m.p.h. If to this is added another 10 to 150F effective tem:i
ature due to solar radiation, cabin temperatures in excess of 1500? may •
expected even when ambient temperatures are not higher than 90 to lOO°•o

2. Since the duration of exposure to those high temperatures is
expected to be short, 15 to 30 minutes at a maximum, as limited by th
tactical use of the airplane and the fuel supply, steady states of human
heat balance are not required. The biophysical problem is to determine
points on a duration-intensity curve which are tolerable for Air Force
personnel. In selecting these points, it must be assumed that pilots are
not heat acclimatised, and that they represent a range of constitutional
and fitness types.
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3. Human tolerance for heat is determined by factors which can be
classified as environmental and physiological:

a. The basic environmental factors are four: dry bulb
temperature, mean radiant temperature, vapor pressure of the atmosphere,
and air movement. With the special case of aircraft cabins in mind, the
first two factors may be represented by dry bulb temperature, and air
movement may be eliminated as a variable by utilizing the moderate value
of 3.5 m.p.h. The possible error involved in these assumptions is small,
and this simplification of the problem is justified by the observation
that air movements in aircraft cabins are generally in the range 2 to 5
m.p.h., the average of which was used in these experiments. We have,
therefore, two main variables, dry bulb temperature and vapor pressure.
The first of these influences heat balance by determining the rate of
transfer of heat from the environment to the body by radiation and con-
vection. The second factor acts to limit the evaporative heat loss, so
that at high vapor pressures, which approach the vapor pressure of swat,
the amount of radiative and convective heat gain which can be balanced
by evaporation is correspondingly reduced.

b. The strain upon the physiological makeup of the body may
be measured by the following:

(1) The primary physiological change is an increase
in body heat content and concomitant temperature
rise. This phenomenon is measured by internal
(rectal) temperature.

(2) The secondary physiological changes occur in the
homeostatic mechanisms of temperature regulation
and circulation. The acceleration in heart rate,
the rate of meat loss and the skin temperature,
serve to measure the degree of strain on the
homeostatic mechanisms.

(3) Finally, appearance, subjective state, functional
efficiency, and presence or absence of symptoms of
heat exhaustion in the exposed individual must be
taken into account in evaluating the various levels
of body temperature and homeostatic response.

4. Three steps have been taken in defining tolerance limits in 4At
present investigationt

a. Experiments Uere conducted to establish level% of physip-
logical response and the otmbirations of dry bulb teperatur"- .r4 •upor
pressure which produce euil. pIys,'ologieal responseý Tn th.r privow r ,-
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four previously acclimatized subjects participated in 16 one-hour exposures
in the All-reather Room. The selected environments ranged from 90 to 1600F
and from 5 to 90 per cent relative humidity. The subjects were clothed in
80-20 cotton-wool underwear and light byrdeloth flying coveralls. They
sat at rest during exposure. Sweat loss, heart rate and skin and rectal
temperatures were taken before and three times during the exposure. A full
description of these experiments is given in Appendix I and the data are
presented in Tables 1-3.

b. The data from the first series were treated to yield an equation
frcm which the level of physiological response could be predicted from the
environmental variables (Table 4). The levels (L) are given by the formulas

L - .047 (dry bulb, OF) + .057 (vapor pressure, mm. Hg) - 7.31
- .085 (dry bulb, OF) + .057 (vapor pressure, nm. Hg) - 5.o2

From these equations, levels of equal physiological response were drawn on a
temperature-humidity-vapor pressure chart (Figure 1). It should be expressly
understood that these equations serve primarily to express the regression of
vapor pressure on dry bulb temperature at constant level of physiological
response. Their validity rests upon the results of the verification tests
described next.

0. Tests were then run to establish the tolerability of the
environments producing specified levels of physiological response for
selected durations of exposure, and to confirm the equivalence of the
predicted temperature-humidity combinations. After consideration of the
data and general experience with the first series of tests, and after
conducting a few exploratory experiments, lines 4 and 5 (Figure 1) were
tentatively chosen as 60- and 30-minute tolerance limits. Fourteen subjects
were then tested at selected points on line 4, and nine subjects similary
on line 5. These tests were conducted exactly as described for the first
series, except that the length of exposure on the line 6 was limited to
35 minutes. A description of these tests is given in Appendix II and
Tables 5 and 6.

5- On the basis of the results from the verification experimentst
which confirmed the general validity of the prediction equations in regzrd
to both the reciprocal relationship of temperature and vapor pressure, and
the selection of tolerance levels, a three-fold classification of tolerance
lines was decided upon. The environments were classified as tolerable,
marginal, or intolerable for specified durations of exposure for individua2s
having the constitutional and fitness qualifications of Air Force pilots. A
discussion of the basis for this classification 4s found in Appendix 11I.

-3
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6. Since in all hot climates, whether dry or humid, the atmospheric
vapor pressure probably does not exceed 30 mm. H9, it is possible to define
tolerance limits solely in terms of temperature for the special ease of
temperature rise with constant absolute humidity in aircraft cabins. This
directs attention to the unique problem of the cockpit atmosphere wherein
the humidity effect is relatively restricted, and permits a practical
simplification of the tolerance classification. (Appendix III.)

C. CCOCLUSIONS.

.1. The requirements for aircraft cabins relative to ventilation and
cooling have been reduced to two variables, dry bulb 'temperaoture and rela-
tive humidity. These requirements for unconventional type aircraft are
given in the following tables

Physiological Level
Limiting Environments Line 3*_ - Line 5*

10 139 59 145 63 153 67
Relatuid 30 122 50 127 53 133 56
midi 50 112 44 117 47 122 50
(%) 70 106 41 110 43 114 46

90 101 39 105 4o o1 142

Physiological Zoness

30 minute exposure Tolerable Tolerable Marginal
60 minute exposure Tolerable Marginal Intolerable

2. On the basis of climatic data now available, which show that
atmospheric vapor pressure my not be expected toexceed'30 zm. Hg, ho -
may be eliminated as a variable, and the requirements for ventilation a
cooling of unconventional type aircraft stated solely in terms of dry bl
temperature, as follows,

Physiological Temperature Physioloxical Classification
Level OF °0  30 Min. Exposure 60 Ain. Exposure

Line 3* 120 49 Tolerable Tolerable
Line 4* 130 54 Tolerable Marginsl
Line 5* 141 61 Marginal Intolerable

* See Figure 1.

. . .14 -
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D. MCommmTION8.

lo It is rooeemndod that AMP 8pecifieation No. R-4o659 be •anded
to requires on unconventional type aircraft, limits of oabin tep•eraturo
in aooordance with the oonclusions of this8 .por.to

2. It is reeowmended that these studies b, emtinued (a) to add to.

the amber of Air Fore* personnel testedp (b) to include variatians in air
movemnt, and (o) to assoe* the additicnal offoet of solar radiation.
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Randolph Field, Texas (262)

As B. Co Do U, FYoh G
Air Surgeons

Burs of Standards ()
Bur. of Aeronauties (

Air Marshall N. 1. Wl tting hm (1)
Dr. Sid Robilson, Dept. of Phniol , (1)

1Thiv. of Indiana

Clinatie l•eearh Labo. Lawrmeos Wass. (1)
Dr. .F. oAdolph, Depto. of Pbyiol. (1)

Utiiv. of Rhe).ster, Roeheoster,,N
BLr4ad Fatigue Laboratory (1)
Dr. Jo Zan um. (1).a"
Mhiv. of Calif.am • ~Prepae by •

Personal Bquip* Lab..& 0.P
TootControl BI** (TIIJI 5 (l Approved by A..J....M*.

Squip. lab..i Ii*t,~1Yi.mi

lbattag.Cooling& Is* Pro-
rentimn 1Vat (1) Aplrov . ..
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APFWDIX I

'JN SIMERIS OF TSTS.

A., SUBJECTS.

Four subjects, whose oharaeteristios are given in Table Is carried
out the 49 ono-hour tests in the main series& They are no1mlly healtay
and active young men with no defects which would make them. wfit for
military service. Several body types are represented, but extremes are
lacking. No dietary or other hygienie control us exercised, but no' sub-
ject ws tested during any condition which deviated significantly from
his health norm.

8in"e it is well known that aoolimatization to heat prooeeds rapidly
during initial exposure, and physiologioal responss to hear are markedly
changed during this period, the four subjects undoef nt a preliminary
acolimatization regime of four days. During this time, four hours each
day were spent in theo AllWeather Roca at 12007 and 20 per cent relative
humidity. Half of this tiin was devoted to treadmill walking, and half
to resting, but no physiological measurements were made.

B. - ENVIR(CKNNTAL CONTROL.

The All-Weather Roc at the Mro Medical Laboratory was the scene
of all tets.. The room temperatures are obtained by reciroulating the
air over olettrio heating coils, and humidification is accomplished by
spraying hot water under pressure through atomizing jets into the roam,
Both temperature and humidity conditions are under automatio control,
but more precise adjustnt my be made manually. The environmental cond.
itions were set up during the hour preceding the teste, and only minor
readjustments were required during the test period. The polished stainless
steel mlls quickly approach air temperature, and the air-wll temperaturo
differential seldom exceeds ±301s thus assuring that the radiant and air
t emporature onvi rammnts are substantially eqmua.

Dry and wet bulb tespeiratures were determined previous to end three
times during the tests with a Fries fan-ventilated bygromiter, The toe-
perature and humidity data of Tables II, V, and VI are the averages fr@1
the three observations mad during the o•raee of the test. Relative
humidity and vapor pressure were obtained by entering standard tables virtn
the dry and wet bulb temperature data*,

Turbulent air notioa in the All-Weather Ro uander the eoaditions of
these experiments is equivalent to 3.5 miles per hour.

3 1arvin, C.F?, Psyshrometrie Tabless Weather Bureau, U 8. DVpt. of Cam.
moreo, UoS. Gft. Prin*. Oaft, 1941s
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-in Series of Tests,

0 . PHYSIOLOGICAL mASWREMEITSo

Heart rates were obtained by 30-second pulse counts0  Weight Ims wr-
obtained by difference from the nude weight of the subject, moag ixrd bhf'•'t
and after the hot-room exposure on a Fairbanks platform scaleos .,nitiv
to one ounce. All articles of clothing (thermocouple underwear, light
byrdoloth flying coverall, and sex) were weighed to a gram on a Taoid
scales before and after the test. Skin temperatures were obtained from
thermocouples placed on the surface of forearm, chest, lower back•, ,u-Mp
and lower leg. Mean skin temperature is the simple average of iadinge
from the we points. Rectal temperature was obtained from readings of f
thermocouple inserted to a depth of five inches.

D, EXPERIMENTAL ROUTINE.

The subjects stripped, were weighed, and then dormed previoucly
weighed clothing. They sat at rest for 15 to 30 minutes under nonsml
room conditions (dry bulb, 75-8O'F, relative humidity, 25-40 per cent)
during the latter part of which pulse, and skin and rectal temperatuare
data were taken.

After entering the All-Weather Room, the subjects took sitting
positions, and physiological measurements were made at 20, 40, and W
minutes of exposure. The tests were terminated at 60 minutes, or whean
conditions became intolerable, and the subjects were forced to h•u' th";
hot room. The symptoms which -terminated experiments before the hDAu'
-time are discussed in Appendix III

Sixteen exposures were accomplished at dry bulb temperatu•'• u-i
from 92 to 1590 F, and relative humidities from 7 to 8 per In. Oi,

tests all 4 subjects were tested; in the remaining, two or th-a &eN
used. The environmental conditions of the tests are detailed iý) T%1:11e 7C

E. RESULTS.

Since in the eight most extreme exposures one or more of 01'
were unable to complete the 60 minutes, the values at 40 iniu0.
ohoson to characterize the physiological response to the partlou.:, •
ment. In this way all the data could be used. The average dallz,
four measures, heart rate, skin and rectal temperatures, and o 44

data, in the oases of the early terminated tests, were calou,•tlt
60-minute basis, but were not included in the Index because of
validity of the recalculated water losses. Accordingly, the 3..
average values for heart rate, and skin and rectal tamperatura
were used in the computation of a level of physicl). icai rcspl)

7-



Eng. Div. Memo/ Report
'go, TSEAL-3-695-49A
26 February 1945.

Appendix I
Main Seriem of Tests.

The three physiological variables were given an equal weighting, by
expressing each as a deviation from its mean, and averaging these deviations
to obtain L. Two environmental values were used in the analysis, dry bulb
temperature and vapor pressure of the air. Zero order correlations were
then computed, yielding positive oeffieients betwen L and dry bulb, and
L and vapor pressure, and a negative correlation betweeL dry bulb and vapor
pressure. The latter relation is due to the fact that high dry bulbs and
high vapor pressures in combination are intolerable and no data could be
secured under these conditions. The high partial and multiple correlations
indicate that dry bulb and ropor pressure are linearly related to L and
constitute the essential environmental variables*. A regression equation
was then formulated from which L may be prediated from vapor pressure and
dry bulb temperature.

From this equation lines were plotted on a dry bulb-vapor pressure
chart at five values of L, namely, at -1.0, -0.5, 0.0, 0.5, and 1.0 in
standard deviation units, respectively labeled lines 1-5 (Figure 1).
Curves of relative humidity are shown for reference. The original L data
(average for 2-4 subjeots at eaoh exposure) were then plotted an Figure 1
to indicate the relationship. The general trend is apparent, namely: as
dry bulb increases, the tolerable vapor pressure decreases. The corres-
pondence between L values tnd the discrete 6qta is only general, but the
only point markedly out of line is an L of -0.55 which should be close
to the 2 line instead of above and to the right of the 3 line. No reason
can be given for this discrepancy.

The values at five levels of physiological response based on 40 min-
utes of exposure are displayed in the following tabulations

L 5 4 3 2 1
Heart Rate 134.0 125.o 116.0 10.0 9.0
Skin Temperature lOl.4 100.4 99.5 99.6 97.6
Reotal Temperature 100.4 100.0 99.5 99.0 98,6

* It is realized that the above treatment of the data violates certain
statistical rules, e.g., intra-individual and inter-individual data are
treated together, and the correlations are based on a small number of
variates. Consequently, statistical inferences concerning reliability
and generalization cannot be justified, and the results must be judged
in the light of the data obtained, and the outcome of check tests
described in Appendix II.

-D •
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Appondix I
kir. geries of Tests.

Figure 2 shows the data analysed in another way. The 16 tests mere
serialized according to L and segregated into 4 groups of four tests eaoh.
Average physiologioal responses for each group are plotted showing both
the trend during the exposure and the difference in magnitude of response.
Groups III and IV display an equilibrium in skin temperature after the
initial rises only slight rises in rectal, and moderate elevations of
heart rate. The average responses of groups I and I1. on the other hand,
rise to greater heights in all variables. The differences between them
refloat the small divergence in their mean L indioes.

Weight losses for the groups in gram per square motor of body surface
generally correspmd in relative magnitude to the values for the other
physiologioal variables. This indicates that distrust of the weight lose
data because of inocmplote experiments was probably umfoumded, but it also
shows that weight loss correlates well with heart rate and the body tempera-
tures. Onission of weight loss from L, therefore, can have made little
difference in Its characteristics.

9o 9
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APPENDIX II

CHECK TESTS.

The primary purpose of the Main Series van to establish the relation-
ship between physiological responses and the environmental influences. The
shape of this relationship in defined by the formulas

L - -7.31 + .047 (dry bulb) + .057 (vapor pressure)

With this formula one may determine the various combinations of the envirmn-
mental conditions which will produce a given L or aniy of its physiologioal
correlates. The slope of relatianship being defined, the selection of a
physiological response level is dictated by consideration of the specific
problem at hand. In the present instance the purpose is to define tolerance
limits for short exposures. Over such short periods heat balance need not
be attained as shown by curves in Figure 2, and the critical issue is how
long exposure may be continued before critical hyperthermia develops. It
was decided to define two tolerance limits$ 60 and 30 minutes in duratioj
and these for men totally unacolimatised to heat.

A. SIXTY-MINUTE TOLERANCE LIMIT

After some inspection of the Vain Series data, the 4 line was
tentatively chosen as the 60-minute tolerance limit for macolizAtised
men. Fourteen subjects were selected as available from the laboratory
roster. All but one were novices in hot room studies. The environmental
conditions at the selected points along the 4 line which wore chosen for
test and the physiological responses are given in Table V, and plotted it-
Figure 4.

Two criteria should be applied in the evaluation of these data,
The first pertains to the setting of the physiological level. That the
choice of the 4 line as the 60-minute limit was substantially correct is
shown by the facts, (1) all subjects but one were able to complete the
period without symptoms of heat exbaustion, collapse, or any of the ext•o
sensations which forced subjects to leave intolerable environments in the
Main Series*i and (2) the terminal heart rates and skin and rectal temper-
atures in this series (see Figure 6) agree reasonably well with the mean
values for line 4, shown in the tabulation in Appendix I.

*See Appendix III.

10
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Appendix II
Choik Tests.

The second oriterim is the sonstanOy of physiological response
ý:-iong the selected line. To test thi,•s the data have been plotted serially
by experiment number which is also the order of progression fram hot-dry
to hot-humid conditions. Since there is considerable scattering of the
data about the average lines in all the physiological measures, an equated
mean deviation score (the average of physiological values expressed as
deviations from their means) was computed for each experiment. Ideally,
these equated mean values should fall on a line through their mean. It
can be seen from Figure 4 that they fail to do so particularly in the cases
of numbers 6 through 9 which show lower values. The predicted L's for the
environmental conditions of the tests$ as calculated from actual dry bulbs
and vapor pressures obtiined*, are shown in the -figure, but the lack of
correlation with equated means offers no explanation for the latter. The
discrepancies in the equated means must therefore be attributed to individual
variability. Any possible error, and the evidence is that it eannot be large,
is on the conservative side.

As a further check on the validity of the line, negative storage
values were computed for each ease. according to the formula,

s . .3 x w x (.67 dTr + .33 dTs)
SA

where, 8 a stored heat accumulation (Koal. per sq. meter)
,83 - specific heat (Koal. per Kg. per degree C)

W - body weight in Kg.
dTr - difference between pre-exposure and terminal

rectal temperatures (oC)
dTs - difference between pre-exposure and terminal

skin temperatures (°C)
SA - surface area (sq. meters)

These values, plotted in Figure 7, scatter about a mean of 71, and with
the exception of ease 1, there is no discernible correlation with dry bulb
temperature. This means that the selected temperature-humidity condittor
have an "approximately equal effect upon heat balance.

B. THIRTY-MINUTE TOLERANCE LINE,

A similar line of proof was used to validate a 30-minutA toleranov
limit. Two facts led to the selection of the 5 line as a 30-minute toler-
anoe limit. (1) The average L of the eight tests in the Main Series which
were terminated short of 60 minutes of exposure was + 1.0, stand, deviation
(line 5), and (2) no subject quitted the room in less time than 30 minutes.

SAbsolute precision in temperature and humidity ooc .rol could nou bo
attained in the hot room, vooseq-Lv -. ly, the average c;• thr&, 't &ud
dry bulb temperatures repreaen sczii. exposure environme: 1.

- 11i-
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Appendix 1I
Check Tests.

Ths line in therefore marginal for the acclimatised subjects for exposure
tines of 40 minutes or longer, A cheek series of tests was conduoted on
9 subjects at selected points along the 5 line. The data are given in
Table VI and the physiological values are plotted in Figure 5, Again
these data may be evaluated in accordance with two oriterial, (1) the
levels of physiological response defined for 1.0 Index (see tabulation
in Appendix I) wore approximated by terminal values in the 30-minute
*hoek series (see Figure 7). Thus heart rate in the latter oase in but
6 beats lower, skin temperature about the sams, and rectal temperature 0.30
F lower. (2) The equated mean responses similarly test the validity of the
ulope value of the L formula (Figure 6), Again, considerable scattering
of values about the means is found. The most notable deviations are the
pronounced weight losses of subjects 5 and 9, who are heavy men weighing
220 and 202 pounds respectively. Even when weight losses were calculated
to unit surface area these men sweated much more then the more average
sized men# Consequentlyp the sweat losses markedly elevated the equated
moans of these two subjects, Disregarding these eases then, the remaining
equated means soatter about their average line without displaying a clear-
out departure from zero slope.

Storage values were also computed for the nine subjects in the 30-
ninuts series. These are plotted in Figure 7o The storage values scatter
about an average of 70 k-cal. per square metor without significant correla-
tion with dry bulb temperature, attesting to the equivalent offset of these
environments upon heat balance.

-12-
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APPENDIX III

DISCUSSION

A. CRITERIA OF BAT TOleRANCE

From a purely physical standpoint the human body may be viewed
as a moist, black, and internally-heated object which carries out thermal
interchanges with its environment in accordance with the heat balance

equations

1± 8*R± C-i

where, N a heat production
8 - change in heat content of the body
R - radiant heat transfer
C - convective heat transfer
E - evaporative heat transfer.

Mlis always a source of heat and E a loss of heat, but the signs
of 8, R, and C are so chosen that in an environment colder than the body,
M + S - X + R + C, and in an environment hotter than the body$ 9 + 8
M + R + C. The latter is pertinent to the present situation, except for-the
added factor of the insulation of clothing which tends to reduce radiative
and convective gain and to alter the oharacteristics of evaporative cooling"
No attempt has been made to strike a thermodynamic balance in the present
data because certain elements, such as effect of wetness on the elo of
clothing and on the efficiency of evaporation, have not been determined.

However, the beat balance is not a measure of tolerance, and the
physiology of the hukani body is too complex to permit of a formulation
in physieal terms alone. Of the physioal factors, only 8, the change in
stored heat, is an index of the strain on physiological mechanisms. With
rise in stored heat - this is positive in the sense of accumulation in
the body, but negative in the thermodynamic equation -- body temperatum
rises, stimulating sweat production, and rises in metabolic rate and he ar-
rate. Up to a certain point this condition of hyperthermia is adaptive;
since augmented meat production increases evaporative heat loss, and
acceleration .of heart rate increases peripheral circulation so that thl
blood may more readily give up !Lts heat at the skin. These resporo ezay
therefore be used as physiological indices of the effect of heat upon the
body, providing a scale of heat load with vhiih may be correlated, on the
one hand, the environmental variables, and on the other hand, the various
unn"asured physiolegical and psychological reactions by which we judge the
exposure as tolerable or intolerable,

4V 3 4



Div. Memo. Ibport
1io. TSEAL-3-e95-e9A
28 February 1945.

Appendix III
Discussion.

Four variables have become standard in the asesesment of the phfrplko-
logical effect of hot environments, (1) heart rate, (2) average skin temper-
ature, (3) rectal temperature, and () sweat loss. Applications including
two or more of these variables appear in papers by Adolph and Dill (1938),
Robinson et al. (1943), Taylor et al. (1943a) and (l193b), and Robinson
(19W4). The latter author has integrated these into the following Index
of Physiological Effect (Ep)l

Ea100(a-H)l+ 100(S3.s- ) +oo( 1 (R3 +l.,(!3
p 2 HI + 2 - S 4 R - RI W2 - Wl+

where the symbols H, S, R, and W mean heart rate, skin temperature, rectal
temperature, and sweat loss, respectively, and the subscripts 1, 2, and 3
refer to responses at the minimal, maximal, and intermediate environments.
This provides a scheme for rating all environments in terms of their observed
physiological effect as a per cent of the effect at the most extreme environ-
ment the subject can tolerate. Robinson has presented tolerance contours in
terms of Physiological Effect plotted on a psychrometric chart.

Tolerance contours as shown in Robinson's data and in the resv!•
of the present investigation are affected by hunidity as well as temperature
since humidity lowers the tolerable temperature by limiting the rate of
evaporation, Gagge (1937) has shown that for the nude human body, evapora-
tion can be expressed by the formula:

E wA (•Ts - rh x cTa)

where, E - evaporative loss (Kteal./ sq. mzotr/ .... :

w = per cent wettedness of body surface

-4 - an evaporation constant, the value of which
is unknown.

In exposures short of evaporative limits w,&'. and tho r .
sure gradient vary reciprocally, as detrmined by vapor prissure of the
atmosphere, S, however, is limited by the w = 100 per cent , rerdloes.
of the vapor pressure, and w^, for specific eondltioný, of o-ir ýjv tlon
direction, etc. has been determin�d ),r Gagge (1937) m.t approxitely 3(
K.oal. per square meotr per hour per omn Hg of vapor prsu &d i•dsit.
Winslow et al. (1939) have defined the limits of • •ulktn
on the basis of this value for a rsxit of vapor , :.i



DINO Mo4esi Report

A .,.i• III

The w,,^- concept has not been ooepletely worked out for clothed
5~, jo where insulation retards heat gain by radiation and convection and
afrats the evaporative function. Henooe empirical methods such as Robinson't
bisoe on physiological criteria have most commonly been used, In Figure 1,
two of Robinson's tolerance contours, the 100 Index line and 175 Index line,
have been pletted togother with the values of L determined in the present
study. The slopes of the 100 Index and Line 1 agree very well, but the 175
Index line tends more toward the vertical then the AML lines. This lack of
agreement cannot be explained with the data at hand, since Robinson's experi-
ments did not extend beyond 12007. and his msthod of computing tolerance
contours is not adequately explained.

At extreme temperatures and/or humidities, symptoms occur which
indicate that the temperature regulating system has failed to prevent critical
rime in body temperature beyond the point of oompensation. These terminal
events in physiological breakdown are collectively known as heat stroke, of
which three types are known, as follows: (1) sudstroke, (2) heat exhaustion,
and (3) heat oramps. The first and third of these types are not pertinent
to this investigation, respectively, because of lack of solar radiation, and
because the duration of the tests was too short for critical salt depletion
to occur. The second type, heat exhaustion, hal been observed experimentall,
by several investigators, Taylor et al. (19 4 3a) and (1943b), Bean and Eiohna
(1943), and Adolph (1914). The symptoms include nausea, vomiting, tachycardi,
hypotension, vertigo, headache, dyspnea, anorexia, incoordination, and colltpsa±
That these events are not due to simple dehydration has been shown in the
otudies of Taylor et al. (143&a)A and Bean and Eiohna (1943), whosm subjectL.
were allowed water aId lb. throughout the experiments. The diversity of ri,
tome suggests that when heat tolerance is exceeded, the physiological meohan-ni.
which will be vitally affected vary to some extent with the individual. Thr-o+.
is, however, much inferential evidence that circulatory failure is at the b,,-
of most of the symptoms; that the essential feature is derangement of genorvfA
circulation because of the demands made upon peripheral circulation by the
heat loss mechanism.

In six of the Main Series tests subjects were forced to leave ihio
hot room before the end of the scheduled hour. These tests were all zds i.-,
environments at or above line 6 (Figure 1). None of the four subjects, wno
it should be recalled had been given a four-day acclimatisaticn prior to thu
series, displayed typical symptoms of heat exhaustion. The most cowmon
occurrences in addition to the measured physiological responses were modk!ratý'_
dyspnea and markedly flushed skin. The most notable subjective experiences.
were a sense of suffocation and weakness, and a deep-seated feeling of impt-.,J.
ing crisis. Under these conditions, though actual phyciologloal aollpr•e
might not occur, preoccupation with the acute diswofc:t would ;o far tro
reduce the efficiency with which duzla incident to pilott a . .
would be carried out.
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Appendix III
Diaeussion.

With the exception of two 91n, whoe vy",to• s will be desoribed in
ths next seoction, the subjects In th 60 and N-winuto check series oompleted
tfoir exposure periods without either cloarout sigh of heat exhaustion or
feelings of intolerable discomfort. It is highly probable that the sittinr
position enables the withstanding of more extrese exposures, without dowle•'•,
uent of heat exhaustion than activities in the orthostatio position, because
of lousor strain upon the cardiovascular system.

B. TWO CASES OF BAT EXIHUSTION.

Among laboratory personnel who volunteered for tests, two onlistod
men, Pvo. TA aged 34 and Sgt. RC aged 36, were foroed to leave the hot room
before the end of one hour's exposure because of "smptems of heat exhausticn
In both cases the tests were repeated with similar results. The exposure
environmints were approximately on line 5. Physiological data for the two
tests on both subjects are plotted in Figuro S9 together with the comparable
average curves of the group in the 60-minute sheck series. It is first noted
that the %wrt rate of RC is not remarkable, but that for TA, it accelerated
much more rapidly than the average. Skin temperatures were not atypical,
with the possible exception of the first test on TA. Rectal temperature
rises were comparable with the group average. Sweat losses, based an only
one determination for each subject, are within the range for the 60-minute
group. Susmarising the evidence, it ceannt be said that subject RC displtyq
any abnormality in the functions reauturid. TA, while not abnormal in body
temperatures and sweat lose, displayed a olearout tendency to develop a
rapid heart rate in the heat, reaching or exceeding 140 beats per minute, a
value which is usually close to the limits of tolerance for sitting subjeati
in the present investigation.

The subjective symptoms were likewise different in the two sub-14
TA reported faintness, scotetata, breathlesaness and tingling in the har,,
but did not appear in imminent danger of collapse before being removed fW
the hot room. RC became weak, pale, andslightly nauseated, but since )t ) ...
not displayed an abnormal pulse trend, he was put in a prone kneeling pn
tion in the hope that he would revive while still in the hot room. Thew4
efforts were of little avail since on reassuming sitting position he agj' •

beoame faint. After leaving the hot room he was put down in bed and aV'.-
by a medical officer. Recovery was rapid and uneventful, and the Man r"W ;
his laboratory, duties within a half hour. It is clear that t0oe m"r p ,
constitutional or fitness divergencies which set them apart from the grau o

C. SELECTION OF RECOMMENIED TOLURANCE LIMITS.

The results of the 60- and 30-minute ahenk eeries (Appendix TT)
showed that the selected environints (lines 4 and 5) were not too extrevo
for all subjects, but two. Furtherwors the phymi ;lgiaal revpanses for
thes groups are within tolorable l&ivts when c42r d with tho !-e t.

- 16-
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Main Series. The development of he& ex-haustion In ntwo men, however, urges
caution in the selection of toleranco limits. Consequently, these environ-
ments must be listed as marginal and th next lower linjet, 3 and h, selected
as tolerable. It should be noted that subjects Il wd hC tolerated the
environment of line h for 30 minutes, and coul•a uartaitiy tolerate line 3 for
60 minutes. Hence, the physiologica olal ifitiai as given in C. Conclusions,
has been proposed as a basis for romoaindrtilAc

D. LIMITS OF' HUMIDITY IN AIRC1RAFT

The tolerance limits definod in Fi gure I extend into ranges of
humidity and vapor pressure which may not be expqekted to occur in aircraft.
Air caught in the ventilating scoop will be heated adiabatically without
change in absolute humidity or vapor pressures* This narrows the range
of possible humidities at high temperature. It is therefore only necessary
to determine the maximum vapor pressure to be expected in the atmosphere and
give consideration to only those portions of the tolerance lines defined by
this limiting vapor pressure.

Considerable study of the a'aaospher!o -•pnr pressures in the vn.• •,

clivates has shown that maximal values occur only in hot humid areas, the
moat extreme of which have been reported in India, Burma, and Indo-China$o
Judged by average monthly temperature and humidity reading& in these regi.•
the vapor pressure does not exceed 25 iiam. HEg Hoiwwver, it is possible tlV •
wn soe days this value might be exueeded, but it is'dubtful that a, ab ,

maximum would be higher than 30 -. ES.

Using this value as a limit, the tolernioe lnilts may be exprv"-
as temperatures at 30 mm. R& or vapor pressure In order to alwplify and
reduce to one variable the recommendations. These limits, giien in C. °
it should be noted, are conservative, and at lower vapor pressures, hi-,>
temoperaturos can be tolerated, to deftined by the toleranoe lines.

* This information has tindly boen uppli in a o•natiJ fm ?r J ÷ioc
Weldon F. Heald, Office of the uart.ermasater - . - aikozs elear tk,4
the studies on which the nonclunicm ao• tA az-; not ye noxmpleted, bu,
all present information indicahea t * the & e, L presasur
are coroe• t
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TA ýILE I

SUBJECTS

Name Exp. No. Age Ht. '. SurfIaoe
S~Area

Vain Series$ Cutter -- 29 73 202 2.16
Joffe - 30 66 146 1.79
Karpa - 28 70 176 1.98
Taylor - 35 71 186 2.06

Cheek Tests,
60 kin. 8eries Spratt 1 31 68 12 1.76

Rodbard 2 29 66 161 1.84
Allen 3 35 72 197 2.10
Piaseoki 14 35 70 165 1.91
Hall 5- 9 35 66 153 1.92
Taylor 6 35 71 189 2.05
Jackson 7 35 69 145 1.79
MLrbarger 6 26 74 206 2.21
Sadloweki 10 26 71 14 2.02
Hartsough 11 21 67 130 1.68
Rad•linski 12 20 73 155 1.92
Casbarro 13 25 67 133 1.69

Check Testes
30 Min. Series Copeland 1 30 71 167 1.91

Tokaji 2 29 66 I4 1.77
Sith 3 25 70 132 1-73
Schaeter 4 23 67 135 1.6,
Brookins 5 20 71 222 2,20
Loge 6 23 68 115 1111,
Shively 7 21 614 166 1 1.,
Cutter a 29 73 203 2.16
Patt 9 29 66 145 1-7)

19'C
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TAKE II

ENVIRO1WNTAL DUTAs M*IN SERiIES

Exp. Dry Wet Relative Vapor
N 0 Bulb Bulb Humidity Pressure

1 15 93 7 16

2 149 95 14 27 3

3 140 88 12 is 4

4 131 104 40 45 3

5 125 9 31 31 4

6 124 94 z 20 2

7 115 9e 40 30 2

$ 113 96 57 46 3

9 ill. 84 31 21 2

10 110 92 51 32 4

11 10o 105 54 3

12 106 102 98 51 4

13 1o6 100 81 47 3

14 100 89 6e 31 2

15 96 92 86 39 4

16 9e 72 34 13 4

20:~ -



.v ebruary 1945.

TABIE III

PHYSIOLOGICAL DATA: MAIN SERIES

Exp. Heart Skin Rectal Ird x Water Evap.

No. Rate Temp. Temp. ILJ Lose Loss

1 147 101.7 100.1 1.20 562 369

2 129 0oi.4 100.6 1.00 627 386

3 107 98.7 99.9 - .55 511 280

4 136 O1.6 100.4 1.09 664 295

5 119 101.2 99.8 .97 60h 340

6 125 98.1 99.3 - .15 547 38.

7 104 9s.6 99.1 - .54 506 232

? 127 101.2 100.6 .93 517 272

9 106 97.2 99.2 - .70 307 22$

10 99 97.6 99.9 - .90 425 168

11 136 101.5 100.6 1.15 692 236

12 131 1oo.6 99.0 .59 626 254

13 12$ 101.0 100.5 .99 61$ 162

14 92 97.5 98.7 - 1.11 21. 71

15 91 98.5 98.2 - 1.15 156 76

16 82 95.6 98.0 - 1.60 10 1o05

S21 -
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TABLE IV

STATISTICAL SITMIARY: MAIN SBRIES

Ie__ Std. Dev. Range

Physiological Variables:

Heart Rate 116.0 17.9 92- 147

Skin Temperature 99.5 1.91 95.6- 101.7

Rectal Temperature 99.5 0.5 99.0-1l00.6

Environmental Variabless

(y) Dry Bulb Temperature 117.7 18.2 92- 158

(z) Vapor Pressure of Air 32.5 12.8 13- 54

Physiological Level, (x) 0.07 0.97 (-1.6)- (1.2)

Correlations,

Zero Order, r a - .6 Partial, r0. a - 97

ry, a -. 33 ry,.. . -. 97

r., w .47 rx,.y , .95

Multiple, Rx(y,) o -94

Regression Coffioients,

BXY 9 bxy@t a .047zy -z o'

Bxz.y - .75 bx.ya - .057

L - -7.31 + .047 (dry bulb) + .057 (vapor pressure) 3 .3
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